Reversible protein phosphorylation has critical functions in the eukaryotic circadian negative feedback loops. In Neurospora, the FREQUENCY protein closes the circadian negative feedback loop by promoting the phosphorylation of its transcription activator, the WHITE COLLAR complex (WCC) and consequently inhibiting WCC activity. Here we show that protein phosphatase 4 is a novel component of the Neurospora clock by regulating both processes of the circadian negative feedback loop. The disruption of pp4 results in short period rhythms with low amplitude. In addition to its role in regulating FRQ phosphorylation and stability, PP4 also dephosphorylates and activates WCC. In contrast to PP2A, another phosphatase that activates WCC, PP4 has a major function in promoting nuclear entry of WCC. PKA, a WC kinase, inhibits WC nuclear localization. Furthermore, the FRQ-dependent WC phosphorylation promotes WCC cytosolic localization. Together, these results revealed WCC nucleocytoplasmic shuttling as an important step in the circadian negative feedback process and delineated the FRQ-dependent WCC inhibition as a two-step process: the inhibition of WCC DNA-binding activity followed by sequestration of WCC into the cytoplasm.
Introduction
Eukaryotic circadian oscillators consist of autoregulatory negative feedback loops in which there are positive and negative elements (Dunlap, 1999; Allada et al, 2001; Young and Kay, 2001; . In these negative feedback loops, the positive elements activate the transcription of the negative elements, whereas the protein products of the negative elements inhibit the activity of the positive elements. In all circadian model systems examined, posttranslational modification of clock proteins by phosphorylation has essential functions in clock functions (Price et al, 1998; Lowrey et al, 2000; Lin et al, 2002; Sathyanarayanan et al, 2004; Liu, 2005; Nakajima et al, 2005; Mori et al, 2007) . Despite the evolutionary distances among eukaryotic organisms, there are remarkable similarities of the circadian clock mechanisms from fungi to animals (Liu and Bell-Pedersen, 2006; Heintzen and Liu, 2007) .
In the filamentous fungus Neurospora crassa, two PASdomain containing transcription factors, WHITE COLLAR-1 (WC-1) and WC-2, form a heteromeric WC complex (WCC) that activates the transcription of the frequency (frq) gene by binding to the Clock box (C-box) of its promoter (Crosthwaite et al, 1997; Loros and Dunlap, 2001; Cheng et al, 2001b Cheng et al, , 2002 Froehlich et al, 2003; He and Liu, 2005; He et al, 2006; Belden et al, 2007) . On the other hand, FRQ and FRH (a FRQinteracting RNA helicase) form another complex (FFC) that represses frq transcription by inhibiting WCC activity through their physical interaction (Aronson et al, 1994a; Merrow et al, 1997; Denault et al, 2001; Cheng et al, 2001a Cheng et al, , 2005 Froehlich et al, 2003; Schafmeier et al, 2005; He et al, 2006) .
Reversible protein phosphorylation has critical functions in both processes of the Neurospora circadian negative feedback loop. Phosphorylation of WCC inhibits its activity and FRQ promotes the WCC phosphorylation by recruiting CK-1a (the homologue of human CKI delta/epsilon) and CKII to the WCC He et al, 2005b He et al, , 2006 Schafmeier et al, 2005 Schafmeier et al, , 2006 . The phosphorylation of WC-1 occurs sequentially: first by Protein Kinase A and then by the FRQrecruited casein kinases (Huang et al, 2007) . To reactivate WCC, protein phosphatase 2A (PP2A) counters the function of kinases and activates WCC by dephosphorylation (Yang et al, 2004; Schafmeier et al, 2005) . The direct inhibition of the WCC biochemical activity by phosphorylation was thought to be the main cause that represses its function in vivo as dephosphorylation of WCC significantly enhanced its DNA-binding activity .
The same kinases that phosphorylate WCC also phosphorylate FRQ progressively Gorl et al, 2001; Yang et al, 2001 Yang et al, , 2002 Yang et al, , 2003 He et al, 2006) . Phosphorylation of FRQ by CK-1a and CKII promotes its degradation through the ubiquitin-proteasome pathway mediated by ubiquitin E3 ligase SCF FWD-1 (He et al, , 2005a , whereas PKA counters the role of the casein kinases by stabilizing FRQ (Huang et al, 2007) . We have previously shown that two protein phosphatases, PP1 and PP2A, dephosphorylate FRQ and PP1 opposes the role of the casein kinases by stabilizing FRQ (Yang et al, 2004) . The FRQ phosphorylation-degradation pathway has a major function in defining the circadian period length (Liu et al, 2000; Yang et al, 2003) .
In this study, we identified protein phosphatase 4 (PP4) as a critical component of the Neurospora circadian clock by regulating both arms of the circadian negative feedback loop. PP4 dephosphorylates and stabilizes FRQ. More importantly, PP4 regulates WCC phosphorylation and strongly promotes its nuclear entry. Thus, our results uncover an important step in the negative feedback process and suggest that FRQdependent WCC inhibition is a two step process: first by removal of WCC from the DNA and then by sequestration of WCC in the cytoplasm.
Results
Disruption of pp4 results in a short period and low amplitude rhythm To further understand the role of protein phosphorylation in the Neurospora circadian clock, we carried out systematic deletion analyses of all potential serine/threonine protein phosphatases. One of these potential phosphatases (NCU08301.1) was named PP4 because it is homologous to the catalytic subunit of the human protein phosphatase 4 (PP4; also known as PPX or PPP4) with 60% amino acid identity and 72% similarity. PP4 is a highly conserved PP2A-related eukaryotic protein phosphatase and is known to have many PP2A-independent cellular roles (Cohen et al, 2005) . The disruption of the Neurospora pp4 by homologous recombination revealed that it is not required for essential cell functions as the homokaryotic pp4 ko strains have only mild growth defects ( Figure 1A ). Race tube assay is the most commonly used method to monitor the Neurospora circadian rhythm of conidiation and allows for the determination of period, phase and amplitude of the clock . Examination by race tube assay of the circadian conidiation rhythm of the pp4 ko strains showed that they exhibited in constant darkness (DD) a rhythm that was B3 h shorter than that of the wild-type strain ( Figure 1A) . In contrast to the high amplitude robust rhythm in the wildtype strain, the amplitude of the conidiation rhythm of pp4 ko strains was also very low, indicating that PP4 regulates both the period and amplitude of the rhythm. Similar to our previous result (Yang et al, 2004) , the ppp-1 RIP strain, which harbours hypomorphic mutations in the PP1 catalytic subunit gene, has a short period but exhibits robust circadian conidiation rhythm. Furthermore, the pp4 ko ppp-1 RIP double mutants showed an arrhythmic phenotype with significant growth defects. Under 12/12 h light/dark (LD) cycles, the phase of the conidiation rhythm of the pp4 ko strain was B2 h earlier than the wild-type strain but was B2 h later than the ppp-1 RIP strain ( Figure 1B ). This result contrasts with the rhythm exhibited in DD where the period of the pp4 ko strain was shorter than the ppp-1 RIP strain. Together, these race tube results suggest that PP4 is an important circadian clock component in Neurospora.
We then compared the circadian rhythms of FRQ expression in DD in wild-type and pp4 ko strains. The levels of FRQ along with phosphorylation status in the wild-type strain oscillate in constant darkness (DD) (Figure 2A ). In the pp4 ko mutant, the overall FRQ levels were significantly lower than the wild-type strain and FRQ oscillates with low amplitude. In addition, although the phases of the FRQ oscillation were similar in both strains after the initial LD transition, FRQ became rapidly phosphorylated in the pp4 ko mutant by DD16 and the newly synthesized hypophosphorylated FRQ started to appear at DD28, consistent with its shorter period phenotype on race tubes. Constant low levels of FRQ were also seen in the pp4 ko ppp-1 RIP double mutant after the LD transition and FRQ protein stayed hyperphosphorylated and arrhythmic in DD ( Figure 2B ). These results further support the importance of PP4 in the Neurospora circadian clock. ( Figure 3A and B) . Furthermore, the levels of FRQ in DD were also significantly lower in these mutants comparing to the wild-type strain. As we previously showed that FRQ levels in the ppp-1 RIP mutant was comparable to the wild-type strain (Yang et al, 2004) , this indicates that PP4 has a more important function in maintaining the FRQ levels. To determine whether the short period rhythm of the pp4 ko mutant is due to increased FRQ degradation rate, we measured FRQ degradation rate after LD transfer, a process that triggers FRQ degradation (Liu et al, 2000; He et al, 2003) . As shown in Figure 3C , the FRQ degradation rate was faster in the pp4 ko mutant than the wild-type strain and was further increased in the pp4 ko ppp-1 RIP double mutant. These results indicate that PP4, as PP1, inhibits FRQ phosphorylation and stabilizes FRQ protein.
FRQ is
The hyperphosphorylation of FRQ in the pp4 ko mutant suggests that FRQ is a PP4 substrate. To examine this, we performed immunoprecipitation assay using a strain that expresses Myc-tagged PP4. As shown in Figure 3D , immunoprecipiation by FRQ antibody but not FRQ preimmune serum specifically pulled down Myc-PP4, indicating that FRQ associates with PP4. These results suggest that FRQ is a PP4 substrate in vivo.
WC hyperphosphorylation and reduced WCC activity in the pp4
ko strain Although PP4 and PP1 are both involved in regulating FRQ phosphorylation and stability, the low amplitude rhythms in the pp4 ko mutant suggest that PP4 has an additional role in the circadian clock. To determine such a role, we compared the levels of frq mRNA in the wild-type, pp4 ko and ppp-1 RIP strains in DD over a circadian cycle ( Figure 4A ). We found that despite the earlier phase, the levels of frq mRNA in the ppp-1 RIP strain were comparable to the wild-type strain. In contrast, frq mRNA in pp4 ko strain was maintained low levels at these time points, suggesting that frq transcription is regulated by PP4.
The low levels of frq mRNA and FRQ protein suggest WCC activity is impaired in the pp4 mutant. As phosphorylation of WCC inhibits its function in activating frq transcription, we examined whether WC phosphorylation is affected in the pp4 ko mutant. Under constant light condition (LL), WCs are hyperphosphorylated and become dephosphorylated after the LD transition . Thus, we compared the WC-2 phosphorylation profiles in the wildtype and pp4 ko strains during the dephosphorylation process. As shown in Figure 4B , WC-2 became dephosphorylated after 8 h in DD in the wild-type strain. In contrast, significant amount of hyperphosphorylated WC-2 could still be seen at DD8 in the pp4 mutant. To compare WC-1 phosphorylated profiles, longer eletrophoresis was used. Similar to WC-2, WC-1 was also found to be hyperphosphorylated in the pp4 ko strain ( Figure 4C ). The dephosphroylation of Wcs by lamda phosphatase showed that the mobility shifts of WCs are indeed due to phosphorylation. This result indicates that PP4 counteracts WC phosphorylation and the WCs may be PP4 substrates. On the other hand, WC phosphorylation profiles were not significantly affected in the ppp-1 RIP strain (data not shown), suggesting that PP1 is not a major WC phosphatase.
To demonstrate whether WCC's ability to bind DNA is inhibited in the pp4 ko strain, we performed chromatin immunoprecipitation (ChIP) assay to examine the WCC binding to the C-box of frq promoter in vivo. Consistent with previous results (He et al, 2006; Belden et al, 2007) , WCC binding to the C-box was rhythmic in the wild-type strain, peaking around DD34 ( Figure 4D ). For the pp4 ko strain, the levels of WCC binding to the C-box of frq promoter were maintained at low levels at these time points. This indicates that despite comparable WC levels in the pp4 ko strain to wild-type, WCC cannot bind to the frq promoter efficiently, providing a molecular explanation for the low amplitude rhythms in the pp4 ko strain.
PP4 is required for nuclear enrichment of WCC
We and others have previously shown that the phosphorylation of WCC inhibits its DNA binding ability in vivo and the desphosphorylation of WCC significantly enhances its DNA- binding activity in vitro He et al, 2005b He et al, , 2006 Schafmeier et al, 2005; Huang et al, 2007) . Although the phosphorylation-promoted removal of the WCC from the promoter DNA should have an important function in the inhibition of WCC activity, we wondered whether an additional mechanism also contributes to the inhibition of WCC. One possible mechanism is to regulate the cellular localization of WCC by preventing its entry into the nucleus. To test this possibility, we compared the WC localization between the wild-type and pp4 ko strains by fractionation. The absence of the cytoplasmic marker tubulin in the nuclear fractions indicated that our nuclear fractions were free of cytoplasmic contamination ( Figure 5 ). Consistent with previous results (Talora et al, 1999; Schwerdtfeger and Linden, 2000; Cheng et al, 2003) , we found that in the wild-type strain, both WCs are highly enriched in the nucleus, indicating that they are mostly nuclear proteins ( Figure 5A ). However, low levels of WCs could be seen in the cytoplasmic fraction, suggesting that the WCs may shuttle between nucleus and cytoplasm. In contrast to the wild-type strain, the nuclear enrichment of the WCs was abolished in the pp4 ko strain and the nuclear levels of both WCs were comparable to those in the cytosolic fractions, despite similar WC levels in total extracts in these two strains. This result indicates that PP4 is required for the nuclear enrichment of WCC and the weak WCC binding to the frq promoter in the pp4 ko strain is mostly due to its low nuclear WC levels. On the other hand, FRQ localization was not affected in the pp4 ko strain (data not shown), suggesting that PP4 specifically regulates WC localization.
Similar to PP4, PP2A was also shown to dephosphorylate the WCs and activate its activity (Yang et al, 2004; Schafmeier et al, 2005) . However, the WC localization in the rgb-1 RIP strain, which lacks one of the PP2A regulatory subunit, was similar to that of the wild-type strain with high levels of WCC accumulated in the nucleus ( Figure 5B ). Thus, PP2A does not have a major function in regulating WCC localization. These results suggest that despite the common role of PP2A and PP4 in activating WCC activity by dephosphorylation in vivo, they mainly function at two distinct steps: PP2A activates the DNA-binding activity of WCC, whereas PP4 mainly promotes the nuclear entry of WCC.
We then examined the cellular localization of different phosphatases by expressing c-Myc epitope tagged full-length proteins in a wild-type strain. As shown in Figure 5C , PPP-1 and PPH-1 (the catalytic subunit of PP2A) were found present in both nuclear and cytosolic fractions. However, most of the PP4 existed in the cytosolic fraction. This result suggests that PP4 carries out most of its functions in the cytoplasm, consistent with its role in promoting WCC nuclear entry by dephosphorylating WCs in the cytosplasm. On the other hand, PP2A may dephosphorylate WCC in both nucleus and cytoplasm.
PKA promotes cytoplasmic location of WCC
To further examine the role of WCC phosphorylation in regulating its localization, we reasoned that a mutant with impaired WC phosphorylation should show result that is opposite of what we found in the pp4 mutant. Thus, we examined the WCC localization in a PKA catalytic subunit (pkac) mutant. We have previously shown that PKA functions as a priming kinase for WC phosphorylation and WCs are hypophosphorylated in a pkac ko mutant (Huang et al, 2007) . In the pkac ko strain, WC levels are very low but highly active in frq activation. As shown in Figure 5D , despite of its extremely low WC levels, the nuclear WC levels in the pkac ko mutant are comparable to those of the wild-type strain, indicating that WCC is significantly more enriched in the nucleus in the pkac ko mutant than in the wild-type strain. This result provides a molecular explanation for the high WCC activity in the pkac ko mutant and further supports the conclusion that WCC phosphorylation promotes its cytoplasmic localization.
FRQ-dependent WCC phosphorylation inhibits its nuclear enrichment
To further demonstrate the role of WC phosphorylation in inhibiting WC nuclear localization, we also compared the WCC localization between cultures grown in LL and DD14. In LL, WCs are hyperphosphorylated, whereas WCs are hypophosphorylated at DD14 Schafmeier et al, 2005; He et al, 2006) . As shown in Figure 6A , the nuclear enrichment of both WC-1 and WC-2 were consistently higher at DD14 than in LL. This result is in agreement with our previous ChIP results showing that the levels of WCC binding to the frq C-box at DD14 is higher than those in LL (He et al, 2006; Huang et al, 2007) and further suggests that lightinduced WC phosphorylation is part of the photoadaptation mechanism.
The FRQ-dependent-WC phosphorylation states exhibit circadian rhythms: WCs are hypophosphorylated at BDD14 (the peak of its DNA-binding activity) and become extensively phosphorylated at BDD24 (the trough of its DNAbinding activity) (Schafmeier et al, 2005; He et al, 2006; Huang et al, 2007) . Because phosphorylation of WCC regulates its localization, we expected that the nuclear enrichment of WCC should also exhibit a circadian rhythm. As expected, the ratios of the nuclear/total WC proteins were higher at DD14 than at DD24 (Figure 6B ), indicating that there were more nuclear WCC when it is active and less nuclear WCC when it is inhibited. Consistent with this result, more cytosolic WC-1 was seen at DD24, a time point when WCs are extensively phosphorylated.
To further demonstrate the role of FRQ in regulating WCC nuclear localization, we compared WC localization between the wild-type and frq-null (frq 10 ) strains. In the frq 10 strain, WCs are constantly hypophosphorylated (Schafmeier et al, 2005) . As shown in Figure 6C , despite the lower WC levels in the frq 10 strain in the total extract, the nuclear levels of WCs were comparable to those of the wild-type strain. In addition, the WC levels in the cytosolic fractions in the frq 10 strain were significantly lower than those in the wild-type strain. The differences of WC phosphorylation profile between these two strains were not obvious in these experiments due to the condition used for electrophoresis (He et al, 2006) . Consistent with this result, FRQ was shown to promote the nuclear clearance of WCC in another independent study (Hong et al) .
Taken together, these results suggest that the FRQ-dependent WC phosphorylation promotes the cytosolic localization of WCC.
To demonstrate that the loss of FRQ in frq-null strain results in high WCC activity in vivo, we performed ChIP assay using WC-2 antibody to compare the levels of WCC binding to the frq C box between the wild-type and frq 9 strain. frq 9 strain behaves similar to a frq-null strain due to a frameshift mutation, which results in truncated and non-functional FRQ protein (Aronson et al, 1994b) . In both strains, a construct that can inducibly express FRQ (qa-FRQ) was introduced at the his-3 locus (Aronson et al, 1994a) . The induction of FRQ results in extensive WC phosphorylation (Schafmeier et al, 2006) . As shown in Figure 6D , in the absence of the QA (quinic acid) inducer, the levels of WCC binding to the frq C box were higher in the frq 9 strain than those in the wild-type strain, indicating high WCC activity in the frq 9 strain. When QA was included in the medium, the levels of WCC DNA binding decreased in both strains, indicating that the induction of FRQ expression resulted in the inhibition of WCC activity. In contrast, QA had no effects on WCC binding in the wild-type strain without the qa-FRQ construct. These results demonstrate that FRQ inhibits WCC binding to the C-box in vivo.
Discussion
FRQ-dependent WCC phosphorylation results in the closing of the circadian negative feedback loop. In this study, we demonstrated that the Neurospora PP4 is a critical component Figure 5 The loss of nuclear enrichment of WCC in the pp4 KO strain. Western blot analyses showing the levels of WC-1 and WC-2 in the total extracts, nuclear or cytosolic fractions in the pp4 KO (A) and rgb-1 RIP (B) strains. The tubulin was used to show that the nuclear fractions were free of cytosolic proteins. The asterisk indicates a protein band presented in both nuclear and cytosolic fractions non-specifically detected by our WC-1 antibody. Densitometric analyses from three independent experiments were shown for pp4 KO strain (*Po0.05, **Po0.01). The error bars indicate the standard deviations. (C) Western blot analyses showing the levels of Myc-tagged PPP-1, PP4 and PP2A catalytic subunits in different cellular fractions. Cultures were grown in LL. (D) Western blot analysis comparing the levels of WC-1 and WC-2 in different cellular fractions between the wild-type and pkaC KO strains in LL. Note that pkaC KO has much lower levels of WC proteins in the total extract than the wild-type, but they had comparable WC amounts in the nuclear fractions. The densitometric analyses from three independent experiments were shown (**Po0.01).
of the clock by regulating two essential processes in the core circadian negative feedback loop. Our results suggest that PP4, similar to PP1, dephosphorylates FRQ, resulting in the stabilization of FRQ. In addition, PP4 also regulates WC phosphorylation and activates WCC activity in vivo. But unlike PP2A, which mostly activates WCC DNA-binding activity, PP4 executes its role by promoting the nuclear localization of WCC. In addition, we found that PKA counters the role of PP4 by promoting the WCC cytoplasmic localization. These studies established that WCC phosphorylation promotes its cytosolic localization, a key step in the circadian negative feedback process.
Mechanisms that close the circadian negative feedback loop
The results presented here provide important insights into the mechanism of the circadian negative feedback process. Based on these results and previous studies, we conclude that the inactivation of WCC activity by FRQ, the key process in the circadian negative feedback loop, is a two-step process (Figure 7) . First, FRQ-dependent phosphorylation of WCC by the casein kinases directly inhibits its DNA-binding activity so that WCC can be removed from the DNA ( In these gels, the amounts of the nuclear extracts loaded were 1/3 of those in total and cytosolic fractions. Wildtype cultures grown in LL and DD14 were used in (A). In (B), wild-type cultures grown in DD14 and DD24 were compared. The densitometric analyses from three independent experiments were shown below (*Po0.05). The error bars indicate the standard deviations. (C) Western blot analyses comparing the levels of WC-1 and WC-2 in different cellular fractions between the wild-type and frq 10 strains. The densitometric analyses from three independent experiments were shown below (*Po0.05). (D) ChIP assay using WC-2 antibody comparing the levels of WCC binding to the frq C box in the wild-type, WT,qa-FRQ and frq 9 ,qa-FRQ strains. For experiments in (C) & (D), cultures were harvested at DD24.
established that FRQ suppresses the WCC activity by promoting WCC phosphorylation and its sequestration in the cytoplasm. We showed that extensive phosphorylation of WCs results in reduced nuclear enrichment of WCC. In the pp4 mutant, the nuclear enrichment of WCC is completely abolished, resulting in low WCC activity and low amplitude rhythms. In contrast, WCC is highly enriched in the nucleus in the pkac mutant despite its low WC levels. In addition, WCC nuclear enrichment is rhythmically regulated in DD: WCC is highly enriched in the nucleus when it is active and hypophosphorylated. Furthermore, we showed that FRQ inhibits the WCC nuclear localization. Together, these results suggest that the FRQ-dependent WC phosphorylation first removes WCC from the DNA due to its reduced DNA-binding activity, afterwards WCC is then shuttled into cytoplasm to further inhibit its function (Figure 7 ). In addition to these two mechanisms, high WCC activity also results in low WC levels probably due to increased WC degradation rate, which can partially suppress WCC activity. This conclusion is supported by the presence of low levels of WCs observed in the frq-null strain and in strains where WCC is highly active (Lee et al, 2000; Cheng et al, 2001b; He et al, 2005b He et al, , 2006 Schafmeier et al, 2006; Huang et al, 2007) . This process may be also mediated by WC phosphorylation as light-induced phosphorylation of WCs is associated with increased WC degradation rate (Talora et al, 1999; Lee et al, 2000; He and Liu, 2005) . In this view, the positive effects of FRQ on WC levels may be in part due to its inhibition of WCC activity.
Reactivation of WCC by PP2A and PP4 after its inhibition
The restart of another circadian cycle requires the reactivation of WCC and dephosphorylation of WCC by PP2A and PP4 has a major function in this process. In the PP2A mutant, WCC activity is low and WCs exhibit increased phosphorylation (Yang et al, 2004; Schafmeier et al, 2005) . Similarly, the hyperphosphorylation of WCC in the pp4 mutant also results in low frq mRNA transcription and low WCC activity (Figure 4) . Thus, both PP2A and PP4 are involved in the dephosphorylation and activation of WCC. However, our results presented above suggest that despite the common function of PP2A and PP4, they function on two different steps in this process. In the pp4 mutant, the nuclear enrichment of WCC is abolished, whereas in the rgb-1 mutant, the level of WCC in the nucleus was similar to a wild-type strain ( Figure 5) . Together with previous studies, these results suggest that PP4 is the major protein phosphatase that promotes the nuclear re-entry of WCC and PP2A mainly activates the WCC-binding activity. The different functions of these two phosphatases may be due to dephosphorylation of different WC phosphorylation sites or their different cellular localization. PP4 is a ubiquitous protein phosphatase in eukaryotic organisms. Although PP4 is related to PP2A, it is known to have many PP2A-independent functions in cellular processes, including signalling and organelle assembly (Cohen et al, 2005) . The conservation of the posttranslational regulators in the circadian systems from Neurospora to animals suggests that PP4 may be another common clock component in eukaryotic circadian clocks.
FRQ stability, a major period length determinant, is regulated by both kinases and phosphatases
We have previously shown that progressive phosphorylation of FRQ triggers its degradation through the ubiquitin-proteasome pathway and FRQ stability is a major determinant in circadian period length (Liu et al, 2000; Gorl et al, 2001; Yang et al, 2002 Yang et al, , 2003 He et al, 2003 He et al, , 2005a . FRQ phosphorylation by CK-1a and CKII promotes its degradation, whereas PKA stabilizes FRQ protein He et al, 2006; Huang et al, 2007) . In this study, we showed that PP4, in addition to its role regulating WCC localization, also has an important function in determining FRQ stability. PP4 works together with PP1 to counter the effect of the casein kinases by dephosphorylating and stabilizing FRQ (Yang et al, 2004) . The regulation of FRQ phosphorylation by multiple kinases and phosphatases with opposing roles allows the fine-tuning of the FRQ stability, resulting in a precise oscillation with circadian period length.
There are remarkable similarities between the circadian oscillators of Neurospora and those of Drosophila and mammals and the similarities are especially apparent in the posttranslational regulatory mechanisms (Liu and BellPedersen, 2006; Heintzen and Liu, 2007) . As with FRQ, PERIOD (PER) proteins in animals are progressively phosphorylated leading to their ubiquitination and proteasomemediated degradation. This process is similarly regulated by CKI and PP1 and PP2A (Young and Kay, 2001; Grima et al, 2002; Ko et al, 2002; He et al, 2003; Sathyanarayanan et al, 2004; Eide et al, 2005; Fang et al, 2007) . As for the circadian negative feedback process, the phosphorylation state of Drosophila CLOCK (CLK), such as those of WCs, exhibit a circadian rhythm and PER recruits DBT (a CK-1a homologue) Figure 7 A current model of the Neurospora circadian negative feedback loop. WCC functions as the positive element of the loop, whereas FRQ and FRH forms the FFC complex to function as the negative element. FFC inhibits WCC activity by recruiting casein kinases to phosphorylate WCC, resulting the removal of WCC from the DNA and its sequestration in the cytoplasm. To restart a circadian cycle, PP4 promotes the nuclear entry of WCC, whereas PP2A activates WCC DNA-binding activity. The casein kinases also phosphorylate FRQ, which promotes FRQ degradation through the ubiquitin-proteasome pathway. PP1 and PP4 counter the role of the casein kinases and stabilize FRQ. The stability of FRQ determines the period length of the clock. A full-colour version of this figure is available at The EMBO Journal Online.
to promote CLK phosphorylation and inhibition (Kim and Edery, 2006; Yu et al, 2006; Kim et al, 2007) . Similar to that in Neurospora, the Drosophila PP2A counters the function of DBT in CLK phosphorylation. In addition, PER also promotes the cytoplasmic localization of CLK in cultured insect S2 cells (Kim and Edery, 2006) . Similarly, transient transfection experiments in mammalian NIH 3T3 cells also suggest that the nucleocytoplasmic shuttling of BMAL1 is critical for its function (Kwon et al, 2006) . Although the physiological relevance of these latter results are still not clear, our results presented here along with the conservation of the circadian systems suggest a similar mechanism for the closing of the circadian negative feedback loop in higher eukaryotic organisms.
Materials and methods
Strains and culture conditions 87-3 (bd a) was used as a wild type strain in this study. The bd pp4 ko strain was created by deleting the entire pp4 (NCU08301.1) ORF by homologous recombination as described previously (Ninomiya et al, 2004; He et al, 2006) . A positive transformant was crossed with a wild-type strain to generate the homokaryotic bd pp4 ko strain. 322-3 (bd ppp-1 RIP a), a ppp-1 mutant, was previously generated (Yang et al, 2004) and was crossed with a bd pp4 ko strain to generate ppp-1 RIP pp4 ko double mutants. All strains were confirmed by Southern hybridization and PCR.
Liquid cultures were grown in minimal media (1 Â Vogel's, 2% glucose). When QA was used, liquid cultures were grown in 0.01 M QA (pH 5.8), 1 Â Vogel's, 0.5% glucose, and 0.17% arginine. Race tube media contained 1 Â Vogel's, 0.1% glucose, 0.17% arginine, 50 ng/ml biotin, and 1.5% agar. Calculations of period length and phase were performed as previously described (Roenneberg and Taylor, 2000) .
Protein and RNA analyses
Protein extraction, western blot analysis, and immunoprecipitation assays were performed as described previously Cheng et al, 2001a) . Equal amounts of total protein (50 mg) were loaded in each lane of SDS-PAGE and western blot analyses were performed. The phosphorylation profiles of WC-2 were examined as previously described using 10% SDS-PAGE gels containing a ratio of 139:1 acrylamide/bisacrylamide (He et al, 2006) . For other western blot analyses, 7.5% SDS-PAGE gels containing a ratio of 37.5:1 acrylamide/bisacrylamide were used. Phosphatase inhibitors (2 mM Na 3 VO 4 , 25 mM NaF, and 10 mM Na 4 P 2 O 7 ) were included in protein extraction buffer where indicated.
Nuclear and cytoplasmic protein extracts were prepared as previously described (Luo et al, 1998) and each fraction (10 mg) was loaded onto SDS-PAGE for western blot analysis.
RNA extraction and Northern blot analyses were performed as previously described (Aronson et al, 1994a) . Equal amounts of total RNA (20 mg) were loaded onto agarose gels for electrophoresis, and the gels were blotted and probed with an RNA probes specific for frq.
Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was performed as previously described . PCR products were resolved by electrophoresis on 2% agarose gels. Densitometry of gels were performed using NIH image. Each experiment was independently performed three times, and immunoprecipitation without WC-2 antibody was used as the negative controls.
Expression of Myc-tagged protein phosphatases in Neurospora
A PCR fragment containing the entire open reading frame and 3 0 UTR of pp4 gene was cloned into pqa.5Myc.6His vector (Cheng et al, 2001b; He et al, 2005a) . The following primers were used: 5 0 -ATTGGCGCGCCTCTGACCTCTTTGGTGGATAGG-3 0 and 5 0 -ATTGG CGCGCCTGAAGAGCCCACCTTCCATGAC-3 0 . The ppp-1 and pph-1 expression vectors were previously described (Yang et al, 2004) . The resulting plasmids were transformed into a wild-type strain (301-6) at his-3 locus. The expression of Myc-tagged proteins in these transformants was confirmed by western blot analysis using a monoclonal c-Myc antibody (9E10, Roche).
